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The steady state tangential flow and heat transfer of a power-law fluid in an annulus between two rots.tmg co-
axial porous cylinders in presence of suction and injection has been considered in this paper . The effect of suction
and injection on the flow fieid has been investigited. The heat transfer is considered in two cases: () the inner
wall is thermally insulated and outer wallis maintained at a fixed temperature ;'(i) both the walls are main-
tained at fixed different temperatures, including the case when both the walls are at equal temperature. In the
first case it has been found that the temperature increases with Brinkmans’ number Br or flow behaviour index n
and Bracts as a scale factor. In the second case the temperature increases with the increase of Br or » and de-
creases with increase of Peclet number (Pe’). In the second case the Nusselt numbers at the cylinders have
been caloulated.

The phenomenon arising out of the flow of a liquid in a rotating cylindrical annulus in presence of
suction and injection has important engineering applications. The problem of heat transfer in an annular
duet is also of great interest in chemical engineering and flow meters. Berman! considered the laminar
flow in an annulus with porous walls. Bird and Fredrickson? have studied the flow behaviour of Non-
Newtonian (Power Law) fluid in an annulus. . Tangential flow in a rotating annulus with viscous heat
generation has been discussed by Bird and Stewart3, The present paper deals with the study'f the steady state
tangential flow and heat transfer of a power-law fluid in an annulus between two- rotating co-axial cylinders
with suction on one wall and injection on the other. The main flow is maintained by the rotation of the
cylinders. The effect of suction and m]ectlon on the flow depends on a dimensionless number §. Heat
transfer is considered in two cases (7) the inner cylinder is insulated and the outer cylinder is maintained
at fixed temperature and its equilibrium temperature and the consequent temperature distribution within
the annulus is determined, (#¢) both the walls are maintained at fixed temperatures. In the latter case the
heat transfer rate at the cylinder is also obtained. In the first case the equilibrium temperature decreases as
Brinkmar number Br decreases and the material properties such as _the thermal conductivity and specific
heat do not alter the nature of the temperature distribution. In the second case the temperature increases
as Br increases or Peclet number (Pe’) decreases and the effect of rotation of the cylinders is to increase
the temperature while that of suction is to reduce it. Also the temperature increases as the flow behaviour
index increases. It is also found that for larger values of Brinkman number there exists a maximum tem-
perature in the fluid. :

The fluid is assumed to be incompressible and the fluid parameters are assumed to be constant so as to
enable the use of velocity distribution independent of heat transfer phenomenon. The equation of motion
is solved by . perturbation technique, cons1der1ng the suction/injection parameter S as perturbation para-
meter. The resulting velocity distribution is inserted into the energy equation which on solving gives
temperature distribution. This problem is of interest in connection with heat effects in Vlscometry and
friction bearings and has other engineering applications.

’FORMULATION OF THE PROBLEM AND REDUCGTION OF EQUATIONS

The basic equations governing the flow of Power-Law fluids are the constitutive equation between
stress components 7;; and strain rate components e; given by

~
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the momentum equation ,
(zt' +wv,,,) = —p, 0+ % @)
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and the continuity equation
”7:9 i=0 G

where m, n, p, are respectively the consistency, flow be-
haviour index, density of the fluid and +¢ the velocity
vector and comma denotes co-variant differentiation. The
fluid behaviour is pseudoplastic, Newtonian or dilatant
according as n <, =or > 1. :

The energy equation describing the  transport of
thermal energy in terms of transport properties of the
. fluid i is

N
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where Cp, k and p are the specific heat, thermal con-

ductivity and density (all considered constant) of the

Fig. 1—Tangential flow of power-law fiuids in an annults fluid, T is the temperature and & the dissipation function
between two rotating co-axial eylinders. given by

Let a Power-Law fluid with rheologica.l equation of state (1) flow tangentially in the annulus between two
infinite. co-axial porous cylinders rotating about the common axis with uniform angular velocities w, and
w2 In presence of suction on one wall and injection on the other. Cylindrical ‘polar coordinates (r, 8, 2) are
used and the cylinders are identified with the surfaces r == 4, and r = b, (Fig. 1). Due to axial symmetry
all derivatives with respect to § vanish and the velocity field is assumed as

) . _[u,vO]_[u(T),'))(’l‘)’O] ' X ‘, (6)
‘ whlch depends upon 7 only and is independent of 6 and 2.

'The physical components of stresses are

a8 w1 )
) 2 Ju
. Tep == M €pq €ap 2 —'3; ’
; g=1" p=l , ’
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a3 7 13
T = Cpg € —_—
. 090 ‘ i e “ap 7 oy N (7)
g=1 p=1 : J »
3 3 n—1
2 a9 (v
""ro=mj €pq Cgp " \7 )
g=1 p=1
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The simplified equations of motion governing the flow are

au W e | w1y .
P,(“w“r)—“,ar*“»QTWL“T—“' ®)
w w) 1 a3 [ "\ -
(o2 k (o)
O0=——r (12)

- Equation (11) readily gives p==p (r), which shows, that pressure is & function of ¢ only
The equation of continuity’ ‘cbmpatlble 60 velecﬁ;y field is

o %
- T = \ C12)
In our case the energy equation (4) reduces to -
27 [ T
pCpu — o '—k[rgar(ra'r)]-{_(p. ‘ (13)
where »
2 \ 2- =
Su u 2 Ju
¢=mk2(_ar) +2(7) { ( )l‘ [ (ar) {
' * M
The boundary conditions on the velocity field are
‘ U= Ug, V=0 wjatr =0 'I( :
5 ' (16)
u="up, »=>0 wpat r=b; J '

where u,, and up, are some constants,

Introducing the transformations
U= ufUl) 4 = ”/Ud"’ P = p/P l702 )
a=a/L, b="5/L,R=rvL, (16)
. 91— w1L/U ,*ﬁz—sz/Uo’M Uz.-”.E”/V
"where U, V, P, a,b, B, £2,, 2 dre’ ‘the dimensionless quantitias, M is the Reynolds’ number, U L,
aro the reference Veloclty and reference length a.nd v is the kinematic viscosity. Using (16) in (12) a,nd
integrating, we get
: =B8R o
where S is a dimensionless parameter, positive for suctlon at the outer wall and injection at the inner wall
and negative for their opposite’ onders

Using (7), (8), (16) and (17), the equations (9) and (10)/ transforms to ‘
g,V _ P 8 T 3 'V 2T
BT R TE HR +{ @Y w
1 482 7 \)2 ":1 | |
3 2 Ypd (Y, 2 /__ LAY
Sk (VR) T R [R ' T {R'yﬂ(R“’)} ‘ R (R)] (19)

The boundary conditions can-be- rewntten a8

Uy = '“b@/U¢;~V = 592-at R=1b.

(20)
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Integrating (19), we get

R?

4sz -+{ aR ) }’”— ’\aR __) MSVR—I—MD o @

“wwhere Disa mtegratlon parameter dependmg on 8.

-Basassumed to be very small suchas § & 1, and’ so series solution for obtaining tangential velocity
_ixembe used. AT . . 3

‘“ ‘
V—ZSqVq, pe zsqnq S )

a.nd the new boundary conditions are . .
V—-—a&?l,Vq_-O(q__12 .,oo)a.tR=a v }

Vo=b2, Va=0(g=1,2 . w)at R =b

Substltutmg (22)in (21), expanding the 1eft ha;nd mde mn powers of 8 and equatlng coefﬁclents of 8 and
térm independent of S, we get

R,,Jrz{ 3 (J;o>]n—1_§ﬁ (%)—‘—MDo . ;‘ '(24)
G ) e
,‘ _ it {2 (B)

)] ) 5 E {(“)( .

(23)

o

!J

3R\ R (26)
etc. . '
Integrating these differential equa,tio'ns, we get
o ‘ 1 ;
Vo_C'lR—T‘ 2 _ (D, M)" Rl—— : , @n
. N e i} 3
MDMyw [ ¢ 32 Rs—“ - -
Y= (20 N [n__llR + 2(2 ) (DoM) "]+023 (28
n—1 R—3t, (n——l) (n— 2) +2 a7 58
n—-l . I o 5—n (,,‘__1)2_!_ 1-
~ In@n=1) CBIM“’(D9M)" Bt Fm—1p
P 2 9 —1)D,— D 4+
sttt SR o
’ Cy—(n—1) 0, P 1g - '
- ——éT(r—)—iM(DOM)n TR -5 Dy (D, M I gt -+c'3 (29
Usmg boundary conditions (23), we get - o
(D M]” = & @e_pw @M (80)
0, et — QB ' .
Ce = 1@"?/“.—7:!)"/”‘ : : 1
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Hence the tangential vekmﬁy in the annuius is. glvenvby
, T 2 , ;

- ]

®
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M(DM) " { " » w
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. c 3— ; .
) —D1 }] o
- 2 SR ?1 —3 \ W:* '3”’_2 5—*%
a n—1 T i@ T
+8 [OsRJFz 1(@W» 16— 2)(2n~3)”wﬂ‘w B
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The shear distribution L (r) is given by |
Ty D! R4 ’ A
pU2 ™ by Rl . v
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Shear at the outer and inner walls are glven respaaﬁnly by
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+,92[ O gy (D) o .
o (D) e =TPHODM) T e |FOER 69

D:DD”
i=$£+s{or%al g(g%)}*_

. : . __12_% !_iz_g
’ n . M01 D ” b n
n [ " )
MD1 Do.M) b ]4—0('83). L , - (39)
e Se ‘353‘;&\1!{ TRANSFER
Introducmg the transformatwn . : ‘ . ,
. T =Ty+T, 0(R)andR—r/L ~ ' S . B

where Tw and T, denote the wall and characteristic temperatires to be appropma.bely chosen for the
dlﬁ.‘erent’sltuatlons The dlmensmnless form of the energy equatlon (13) is then given by

, ‘ n+1 .
S0 13 482 - v\1212
P B3k = RaR( )+B'[ +{RaR(R)} © W
‘where ’ - . ‘
vPc" oy Un "
' Uo.L m
N P
P (=% ") ona B, (= )

are fespectively the Peclet number and Brinkma,ﬁ number for powerlaw fluids.

Boundary Conditions

Case I : When the inner cylinder is insulated and outer is mamtamed at temperature T, , we put
Tw=T,and choose T, as some characteristic tempera.ture in (40), The b:mn ar y condlbxons ars then

}ze ~ '
‘d—R_O,a.tR-—-b 0_0 a.tR—-a. e (42)

Case I1I (a) : - When the 1nner a.nd ou’cer cylmders are at fixed temperatures T, a.nd T (T, > T) put
To=1T, T,= T Ty The boundary conditions then become

9=0,R=0b;0=1, R=a. - (43)

Case 11 (b) When both the cylinders are at the same temperature say T, we set Ty =T, and
.T is once aga.m some reference tempera,turo as in ca,se 1. Thus the bouudary eondltlo 1s are

GmOatR—bandR-ra. S (44)
) ) 27
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' ‘Now using (22), (24), (25) and (26)_ in eguatlon (41) and on mmphﬁeatlon, We get

1 e 2
0 18P @6 = w. o g ==
L m+f_3_‘iaf_=_3m§% [ME+

+l’ﬁi S{MVOR+MD1 +

N ,‘/', I 2 2 .
L 1 -z 14349 1y .
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Substltutmg the values of ¥, ¥, and V, from (27)—(29) in (45) and int egra.tmg we get
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8P’ “ "~ / s L CoTe
.._B‘rqSB(Rn,SPe)—}- Slf, +A2, (say) * | e

Solutxon for the case wken the inner eyhnder is msulated a,nd. the outer is €herma,11y contiuéf»

. Case I:
Using the boundary condltlons (42) in (46) tahe tem;_)era,ture distribution in the amaulﬂs is gwen by
E(b 'rb,S Pe)——¢g(w,n,8 Pe)

\
0 = B, '[75@(% %, 8, P¢’ )+ - aSPe' 5P
(b n, 8, Pé )W‘f——*ﬁé(“,%‘s Pe )b‘gp""
= e e = (48)
where - ‘l ‘ . o
dR{‘fR RnSP«e)} F(&ﬂSPe), IR ! ISR,
. (49)
Bil g an Pl ] ,__F(bnsz'e) "
dR R=a b 2 ” b 2 }
Case II (a) : Solution for the case when both the cyﬁnders are at 'dxﬂ'ervenst tempémmrés
Using (43) in equatlon (4’6) We get = o o '
Br aa,n,SP — ¢ (b, ,SP'
0= B 4s (Bn S P )+ [‘“a,gp,, g;; LAULLELH RePe
B a, n, 8, Pe)bSPe'—- s (b, n, 8, Pe') alPe’ | — pSPe’ e
+ r[‘lsu( aSPe' bg’e(' o ] . {50)
Rate of heat transfer per unit aﬁé%&%‘ﬁneﬁ%&]ﬁféc&ié@ﬁm by
aT " V ] ,,ﬁ. . o : ’ "; - | ‘ ‘ . B 5 N

PRV

= H(T 1) = kl R

. "-‘ ‘i, ».‘f;"u»& o K q' q’b[ aa ] ’
L= *—"LE*R‘ R=%

where h(r) is s the coefﬁclent of heat transfer, hence’ thé non-dlmenswnal heat transfer rate is gwen by

40 Lh{b)
| (38 ) as =2 =(F0),_, C

Cordey R T ]

(dR) pﬂ*(bwﬁpeaau i | ‘

g 1"“%1‘[ & A5 1, S, Pe’)—'ﬁ'bib M, S Pe HbSPz'—l SPe' : b

o + - #al @t 1}8Pe' — T e (5;’.)3

TRa,t; of heat transfer per unit azea at the outei' wall is given by ‘ ” |

==*"T E|g=a . . 0
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Hence non-dimensional heat transfer rate is

do o ‘ " ‘_l- 7 i . C .1\' . ‘( \r :.:'; _F
AR |B—a “’B"F(“"SP‘?')-!- o
1~ Br[¢e(a,n, SPe')——qu(b n,S Pe) ;o Lok
, + el 8P [P 0?4 ~1 SPe’ (55)
~ where F (a, , 8, P¢)and F (b, n, 8, Pe’) are defined in (49). | ,
Case I1(b) : ‘

Solution for the case when both cylinders are at equal temperature.
Equation (47) under the boundary condltlons (44) becomes

- ’ N P Y — b P ’
Y

da (@, 1, S, Pe’) bSPs' — gy (b, n, S, Pe’) aSPe’
-+ B - aSPe P : (56)

The temperature proﬁles given in (46) and (56) differ by the terms

RSPer __ pSPe
afPe __ p8Pe

and also these start with zero and end with the zero at the inner and outer walls respectlvely, so the profiles
are the same D,, we need not plot them again for equal temperature case.

The Nusselt number (Nu) at the inner and outer cyhnders are the same as (53) and (55) respectlvely
with terms

SPe’ bsPe—1 SPe’ afPe—1
aSPT — G and — Spe _ 5P

respectlvely omitted and N u tends to ZOTO 28 Br tends to zero

DISCUSSION OF . RESULTSH

Conwergence of the solutions : Basically it is assumed that he perturbatmn para.meter S (Suotlon/
injection parameter) is very small such as 8 << 1. Therefore series solution given in the expression
(22) for obtaining velocity is justified where any succeeding term is far less than its preceeding term : As
such throughout the treatment of the problem the inequality V, > SV, > 82Vy> .... > S8"VaDis used.
Again the velocity profile is contmuous throughout the range (b < R< a) of the annulus and its value

7

TaBLE 1
Vmumon oF vm.omY WITH FLOW BEBAVIOUR INDEX (%) AND SUCTIONIINJECTION PARAMETER (S)

n=1/3 R n=1 n=4/3

R $=0 $=0'01 $=0-1 ,§=02 8=0 §=0.01 §=0-1 §$=0-2 =0 S=001 8=0-1 §=0-2
. v v v %

o V ,V 'V;’ o V . V V

1 0-00000 0-00000 0-00000. 0-00000 0-00000 0-00000 0-00000 0-00000 0-00000 0-00000 0-00000 0-00000
1-1  0-48650 0-48170 0-42634 0-33018 0-25454 0-25372 0-24596. 0-23607 0-22666 0-22607 0-22105 0-21602
1:2 ' 0-81086 0-80514 0-73658 0-62424 0:48888 0-48616 0-47393 0-45832 0-44410 0-44308 0-43434 0-42554
1-3  1-04680 1-04151 0:97547 0-86339 0-70769 0-70548 0-68948 0-66897 0-65425 0-65204 0.64168 0-63034
1-4 1-23320 1-22873 1-17089 1-06859 0-91420° 0-91300 0-89247 0-87125 0-85827 0-85680. 0-84415 0-83143
1.5 1-39001 1-38644 1-33862 1.25234 1-11110 1-10940 1.00176 1-06448 1.05726 1-04213 1-04277 1-02970
1-6 1-52840 1-52570 1-48809 1-41834 1-30000 1-29791 1-28150 1-26109 1-25209 1-23780 1-23840 1-22607
17 1-65530 1.65340 162584 1-57332 1-48235 1-47071 -1-46804 1-44915 1.44320 1-43006 1-43146 1-42080
1.8 1-77480 1-77360 1.75550 1-72040 1-65930 1-65794 1-64902 1-63466 1-63130 1-62213 1-62251 161450
1.9, 1-88910 1-88500 1:87969 1-86197 1-83160.1.82502 1-82810 1.8185¢ 1-81685 1-81176 1-81197 1-81600
2 2 2 2 2 2 2 i 2 2 2 2 2 2

30.
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TanrE &
VARIATION OF TANSENTIAL VELOCITY WITH (—S)

n=1/3 n=4/3

R 8=-—0-01 8=-0-1 8=—0+01 §=—0-1
1 0-00000 0+00000 ’ 0-00000 - 0: 00000
1-1 - 0-49130 0:51966 022725 . 0-28282
1-2 0-81657 0-84708 0:44513 0 -45483.
1-3 1-05209 1-07738 : 0-65558 0-66806
1-4 1.23767 1-266561 0-85976 0+ 87378
1.5 1-39272 1-40650 1.05879 1.07318
1-6 1-53110 1-53925 1-25354 1-26710
1.7 1-85721 1-66171 1.44451 145621
1-8 1-77600 1-77801 . 1-63232 1-64111
1.9 1:88967 1-89020 - - 1-81738 1-82223
2 2-00000 200000 . 2-00000 2:00000 .

lies between ¢ £, and b £,, Consequently the expression (36) for the velccity ploﬁle is Ia.pldly convergent
- which is further illustrated by a numerical examples (Tables 1 and 2). By the Fame reasoning the expressions
(87-39), (45) and (46) are also convergent, :

Velocity field : The radial component of velocity is given by (27) and varies' inversely as the radxal
distance.

¢.00

50

0.50

-

v,

o

LI I )
00 00

03

3

n
w|s

2.0

In the absence of the cross flow (§ = 0) the tangential velocity is given by

1 .2

I =

-C’R———2(DM)_ R " | (57)

which shows that whether the walls are solid o
porous, even the first order solution exhibits the effect
of Power-Law index n on, the flow pattern. Putting
n=1 in (57) we obtain the results obtained by Bird

et ald.

In order to get an understanding of the quali-
tative response of the tengential velocity to an
increase in flow behaviour index », and the suction and
injection parameter S we consider a particvlar case

in which the outer cylinder is rotating with uniform_

angﬁ]ar velocity £,, while the inper cylinder is
stationary, £,=10. For numerical computation we,
choose M =1, a =% b=1, =0 0 =1.
S = 4 001, 4 0-1,0-2; Vis calculated for n=13,
1, 4,3 and its values are tabulated in Tables1 and 2 -
The plot of V versus R for n = 1;3, 1,4/8, S =+

0-01, 0-1, 4+ 0:2 is plotted in Fig. 2. From, the
tables and figures it is found that velocity decreases
as the flow behaviour index, #, increases. Also when
8 is positive, an increase in 8 deoreases velocity as

‘seen from Table 1 and Flg 2, while for opposit

-order of S the response of velecity is reversed (Table 2),

Pig. 2-—Variation of velocity of power-law fluidsin a rotating
annulus with suction and injection.

4
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1Q - r2 14 16 1 8 20 k 10 12 ) 6 - 18 T 20
R , , R
Fig. 3—Response of temperature. ih pseudoplastic fluid Fig. 4—Response of temperature in pseudoplastic fluid (» == 1/3) . . .
(n = 1/3) to'an increase in Brinkman number Br at - to0 increasein Brinkman number (Br) at fixed Pe’= 100 in
fixed Peclet numberPe’ = 10 in a rotating annulus. . - arotating annulus. -
2.8 '

: R ] Fig. 8-~Response of temperature in Newtonion fluid (n = 1) to .
Fig, 5-~Response of teniperature iti Néwtonian fluids (n==1) increase in Brinkman number (Br) at Pe’ = 100in

in a rotating annulus to an increase in Brinkman . rotating annulus, -

numkler (Br) at fixed Pe’= 10. ’ o
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Fig. 7—Variation of temperature in dilatant fluid (n — 4/
with Brinkman number (Br) at fixed Pe’== 10,

3) Tig. 8—Variation of temperature in dilatant fluid (n = 4/3)
g with Brinkman number (Br) at fixed Pe’ == 100,
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Rawar : Tangential Flow and Heat Transfer of Power-Law Fluids

Temperature Fueld : Tf dissipation function is ignored, the energy equation (13) becomes
; 46 , 1—8Pd db '
which, on integration along with (17) gives '

RSP¢' — bSP¢’
. T afPy — bSP¢’ L
which shows that in the absenee of dissibatidﬁ function heat transfer is independent of flow parameter

n, and it has the same value whether we consider the Newtonjan or Non-Newtonian power-law fluid.
In the absence of cross-flow i.e. 8 = 0, heat transferis =~ - '

. ) 1 2
- 7 b na
0=2M Br(D, M) [—

D,R - ] + 4,1log R + 4,

.4
which, when n == 1, gives ;phe' results obta.ine& by Bird and Stewart.

In order to assess the qualitative response of heat transfer due to the effects of n, Br, P¢', we give
numorical values to these parameters. We take m = 1/3, 1, 4/3; Pe’ = 10, 100; Br =01, 05, 1, 5,
8,18 =01, M=1a=2>bb=1 92 =0 92 =1 The variation of § with n, Br; P¢' is given
in Tables 3 —5. The plots of § versus R for different values of n, Br, P¢’ for case I are given in
Figs. 9 (a, b, ¢) and for case II in Rigs. 3, 4,5, 6, 7 and 8. The graphs depict themselves the behaviour of
the temperature variation in pseudoglastic, Newtonian and dilatant fluids at different Brinkman number
and Peclet number at fixed § =01, M =1, in the case when outer oylinder is rotating and inner cylinder
is stationary.  On the basis f the comparative study of the data given in .the T=bles 3, 4 and 5 and
that of the temperature profiles given in the Figs. 3-8 the following facts are found.

_ TaBLE 3
VARIATION OF § WiTH Br AND Pe¢’ For 2=1[3 §=0-1

R/Br 01 05 1 2 B 8 10 Y 4
,1 [0-00000 . 0-00000.  0-00000. .~ .0-00000 . . 0-00000 . 0:00000 . 0:00000 10
, 0-00000 0-00000 0-00000 000000 0-00000 0-00000 000000 - 100
L 01l 0-15171 ~  0-20342 0-30685  0-61712° . 0-92738  1.13423 10
0-00705 0-02904 005652 10-10148 0-27636 0-44124 0-56116 . 100

L 021481 0-27405 0-34811 0-49622 0-94066 1-38490 1.68113 10
2 0-01368 0-04810 0-09113 0-17719 0-43537 . 0-69355 .0-86567 ., 100
1-3 0-31618 0-38091- 0-46182 . 0-62364 1-10910 1-59457 1-91827 " 10
0-02488 0-06467 '0-11688 0-22129 0-53452 . 0-84775 . 1.05¢57 . 100

Lg 041567 0-47835 - 0-55670 0-71341 1-18353 1-65366 196707 10
' 0-03875 0:08469 - 0-14210 0-25693 0-60142 094559 117657 100
P 0-57173  0-64345 0-78690 1-21725 1:64760 1-93450 10
0-06733 0-11518 0-1749) 0-29461 0+65347 1-01233 [ 1.25167° . . 100
e 0-61219 0-66095 0-72191 0-84383 1.20958 - 1-57532 1-81916 10
011825 0-16568 022491 0-34342 0-69895 . 1.05448 1-29150 . 100
1.7 0-70056 0-74779 0-79550 _  0-80119 1.17798  1.46477 165597 1
0-20685 0-25087 0-30589 - 0-41594 ~  0-74609 ' 1.07624 1-29634 100
L8 0-80659 0-83209 0-86599 093199 112999 1-32799 1-45998 10
0-35731 0-39409 0-44007 0-53203 0-80791 1.08379  .1-28770 oo

L9 090340 0-91700 0-93401 0-96802 107005 1-17208 124010 10
» 0-60316 0-62711 0-65579 - 0-71318 0-88527 105738 117212 . 100
' 1 1 1 1 1 1 1 - 1.
2 L 1 1.1 1o 1 1 100
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Tasrs 4

VARIATION oF § wirR Br axp Pe’ Fog n=1, §=<0-1

1-00000

1-00000

1:00000

R/Br 0-1 0.5 1 2 5 8 10 Pe’
1 000000 0-00000 *0-00000 0-00000 0-00000 000000 000000 10
0+ 00000 <0-00000 . * 0-00000 . 000000 0-00000 0-00000 0-00000 100
11 0-11789 0-15804 0-21789 - 0-33578 .0-68945 1-04312  _  1°27890 10
0°00743 0°03104 . 0-06239 0:10429 . 0°28941 0446025 ~ 0°60293 100
igeg- 0+ 21830 0+29154 0+38308 056616 1:11540 - 1-66464 03080 10
2 0:01468 0:04952 0-09307 0-18018 0-44147 0-70281 0-87697 100
143 032207 0-41037 0:52074 0-74148 1-40370 2-06590 2-50740 10
0-02510 0-07194 - 0-13049 0-24759 0-59889 0-95019 1-18439 100
14 0-42227 0-51134 10462269 0-84538 1-51345 " 2-18152 ©-2-62269 10
’ 0-04204 0-07309 0-16636 0-30449 -0-71888 1-18327 1-40953 100
15 0-52213 0-61063 0-72126 0+94252 1-60630 2-27008 271260 10
’ 0-07183 0-13346 0:21051 0-36460 0-82687 1-28813 1-59732 100
1:8 06192 0-69671 0-79343 0-98686 1.56715 2:14744 253436 10
0-12355 0718732 0+26703 0-42645 0-90471 1-38207 1-70181 100
147 071594 0-77969 0-85938 1-01876 149690 1-97504 2-29380 £ 10
‘ 0-21191 0-27469 0-35117 0-50678 0-97010 1-43450 1-74374 100
1-8 0-81132 0-85659 091319 0-05638 1-36590 1-70552 1-93190 10
) 036331 0-41631 0-48258 -~ 0-61510 1-01266 1-41022 1-67259 100
1:9 0-90627 0-93134 .0-96268 1-02536 1-21340 1-40144 1-53190 10
0-60982 0+64404 0-68694 0-77274 1-03014 1-28754 1-45914 100
100000 1-00000 " 1-00000 100000 © 1-00000 1-00000 100000 10
2 1-00000 1-00000 1-00000 1:00000 1-00000 1-00000 1-00000 100
TABLE &
VARIATION OF § WITH Br AND Pe’ FOR n=4(3, §=0-1
; ,
RBr 0-1 05 1 2 B 8 10 Pe
- 0:00000 0-00000 0-00000 0-00000 0-00000 0-00000 0-00000 10
1 0-00000 0-00000 0-00000 0-00000 0:00000 0-00000 0-00000 100
: --0+11816 “0+16574 0-23148 0-36296 0-75740 1-15184 1-41480 10
11 0-00785 10-03302 0-06447 010737 0-31611 0-50484 0-63066 100
0-21905 0-29527 0-39054 0-58109 21415272 1-72435 210544 10
1-2 0-01577 . 0+05855 0-11202 0-21896 0-53978 0-86060 1-07448 100
0-32555 0-42775 0-55551 0-81102 1-57755 234408 2-85510 10
1-3 0-02511 0-07561 0-13873 0-26496 0-64368 1-02241 127489 100
0:42678 0-53580 0-66760 0:93521 1-75802 2-54083 8-07604 10
1-4 0-04232 0-10242 0-17754 0-32778 0-77850 1-22922 1-52969 100
T 0+82876, 062880 0-75760 1-01520 1-78800 256080 3-07604 10
1-5 0-07205. 0-13851 0-22160 0-38777 0-88628 1-38479 1-71713 100
0962294 0-71469 082933 1-05876 1-74690 243504 289380 10
1-6 0-12376 0-19279 0-27907 0-45163 0-96931 1-48699 1-83111 100
'0-11873 0-79366 0-88733 1-07466 1-63665 219864 2-57330 10
1-7 0-21268 0-27923 0+36242 0-52880 1-02794 1-52708 1-85984 100
v 0481336 " 0-86683 0-93365 1-06730 1-46825 '1-86920 2:13650 10
1-8 0-36265 0-41989 0-49033 0-63219 1-40778 1-48334 1-'76706 100
0+ 90708 0-98539 0-97078 1-04156 1-25390 1-46624 1-60780 10
1-9 0-60811 064440 0-68976 078049 1-05271 1-32488 1-50634 100
1-00000 1-00000 1-00000 100000 1:00000 1-00000 1-00000 10
1-00000 1-00000 1-00000 1-00000 100
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Rawar : Taﬁgentia.l Flow and Heat Transfor of Power-Law Fluids

The temperature at a point in the annulus increases with the increase in # or with the incresse in By
and it decreases with the increase in Pe’. It can be easily seen from Figs. 3, 5 and 7 that forall n and for
all values of Br the profiles are concave downwards for small value of Pe’ (in our case Pe' = 10)and
tends to a straight line when Br = 0 and SPe¢’ = 1. Figs 4, 6, and 8 show that for large values of Pe’ (in our
case P’e = 100) the profiles are first concave upwards for lower values of Br (Br<2forn=1,4/3
and Br < 5 for n = 1,3) and afterwards they become concave downwards for higher values of Br (Br >2
form =1, 4/3 and Br > 5 for n = 1/3). If Br is large enough there exists a wunique temperature
maximum, and its position shifts away and away in the fluid with the increase in By from the outer
rotating wall (at hlgher _temperature. This phenomenon, is wore pronounced as Pe’ decreases.. Also the
temperature maximum increases as Pe' deoreases, ,

It can be easily seen from (50) that the outer wall is heated or cooled according as

Br> or < SP¢' / [ Spe {95,,(“, ", S,Pe') — ¢ \(b, ", s,Pe') }

\_{1'_,(%)”‘"}@( a, n, SPe’\)] . ]

The temperature distribution given by (48) is plotted in Figs. 9(a, b, ¢) for n=1/3, 1, 4/3
respectively at Pe’ =10, § = 0-1 and Br =0-1, 0-5, 1; 2, 5, 8, 10. It is found that the equilibrium
temperature of the inner insulated cylinder increases w1th the increase in Br or with the increase inn
and the temperature distribution in the annulus between the cylinders becomes more and more uniform
for small values of Br. In this case Bracts as scale factor. showing that the thermal conductivity and
the specific heat of the fluid do not alter the nature of the temperature distribution.

~ Hengce, it is concluded that the temperature in the rotating annulus increases with the ineréase of Br
and deoreases with the increase of Pe’; consequently the ettect of rotation of the cylinder is to increase the

I8

Yig. 9 (a, b, o)~Temperature distribution in power-law fluids in a rotating cylinderical annulus (inner wall insulated) for various
]gru:)kman numbers (Br.) Where for : (a) n=1/3, Pe’=10, S=0+1. (b) n=1, P¢'=10, §=0.1, (c) n=4{3, Pe’=10,
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